Chromate adsorption on amorphous iron oxyhydroxide was investigated in dilute iron suspensions as a single solute and in solutions of increasing complexity containing C02(g), SOZ-(aq), H4Si04(aq), and cations [K+, Mg2+, Ca"(aq)]. In paired-solute systems (e.g., Cr0:--H2C03*), anionic cosolutes markedly reduce Cr042-adsorption through a combination of competitive and electrostatic effects, but cations exert no appreciable influence. Additionally, H4Si04 exhibits a strong time-dependent effect: Cr0:-adsorption is greatly decreased with increasing H4Si04 contact time. In multiple-ion mixtures, each anion added to the mixture decreases Cr0:-adsorption further. Adsorption constants for the individual reactive solutes were used in the triple-layer model. The model calculations are in good agreement with the Cr042-adsorption data for paired-and multiple-solute systems. However, the model calculations underestimate Cr042-adsorption when surface site saturation is appr6ached. Questions remain regarding the surface interactions of both C02(aq) and H4Si04. The results have major implications for the adsorption behavior of Cr0:-and other oxyanions in subsurface waters.
Introduction
Hexavalent chromium (CrO:-) is an antibiofoulant and anticorrosive agent and is common in industrial wastewaters. Dissolved Cr02-is toxic to many organisms at low aqueous concentration (1) and is a regulated constituent in domestic water supplies (2). Chromate-containing wastes are often disposed of to the land surface or, as part of a complex aqueous solute mixture, to waste ponds or lagoons. These practices lead to concern over Cr042migration to and within nearby groundwaters.
Mineral phases with proton-specific surface sites, particularly those with high zero points of charge (e.g., iron and aluminum oxides), may effectively adsorb Cr02-from pH 2 to pH 7 (3) (4) (5) (6) (7) . Like other weak acid oxyanions (e.g., Se042-, S042-, and AsO,"), Cr042-adsorption is pH dependent on these adsorbents, reflecting the charging of the adsorbent surface and solute speciation. Amorphous iron oxide [Fe203.HzO(am)] or ferrihydrite, a common surface coating of subsoil particles, has a particularly high capacity for Cr(VI), reaching 0.1 mol of Cr/mol of Fe at a solution pH of <5.5 (5). This capacity reflects the high surface area and site density of Fe203.H20(am).
Despite the strong adsorption affinity of CrOA2-for certain proton-specific mineral surfaces, it is mobile in soil and subsurface systems (8) (9) (10) . The presence of other competing anions may reduce Cr04" adsorption and thus increase its mobility. Preliminary evidence suggests that solute interactions may be significant. 'Cosorption of SO?on Fe20,.H20(am) reduces Cr042-adsorption by as much as 80% (5). Phosphate and selinite compete on goethite (11) . Similarly, a ligand-exchange ,model suggests that anion adsorption on goethite in natural lakewater is largely controlled by silicate and phosphate sorption, which influence adsorbent surface speciation and charge (12, 13) . These limited observations and the wide range of inorganic ions ranging up to M in natural waters suggest the need for improved understanding of Cr042-adsorption from complex solute mixtures. This paper reports the adsorption of Cr0:-at typical environmental concentrations on Fe203.H20(am) in the presence of common cations and anions present in groundwater (K+, Mg2+, Cap+, S042-, C02(aq), H4Si04).
Single-solute equilibrium adsorption constants for CrOt-, SO:-, Ca2+, CO,(aq), Na+, and NO< derived under N2(g) atmosphere are used in the triple-layer adsorption model (TLM) (14) to simulate Cr02-adsorption in the presence of single and multiple interacting ions.
Experimental Procedures
Synthesis of Fe203.H20(am). Amorphous iron oxide [Fe203.H20(am)] was prepared in a jacketed reaction flask (at 25 "C) by hydrolysis of a sparged 0.1 M Fe(NO,), solution. An automatic titration system was used to add the base [LO M NaOH, C02(g)-free as determined by analysis] at a constant rate up to pH 7.25. Carbonate-free conditions were maintained during precipitation by using a glovebox with N2 atmosphere or, more commonly, by using a partially sealed reaction flask with continuous N2 sparge to prevent air intrusion. The suspension was allowed to equilibrate under N2 atmosphere (25 "C) for 14 h before use.
Adsorption Experiments. (A) Basic Procedure. Adsorption experiments were conducted in a jacketed 500-mL reaction flask that had been "presaturated" with Cr(V1) to eliminate potential adsorption by the flask during the experiment. The temperature was kept constant (at 25 "C) with a recirculating water bath. The Fe203-H20(am) suspension was placed in the reaction vessel with an electrolyte (0.1 M NaNOJ and equilibrated (1 h) under N2 atmosphere at pH 9.0-9.5 where no sorption was anticipated, after which time the appropriate solutes and W r (approximately 5000 cpm/mL) were added. An aliquot was immediately removed as a counting standard for the adsorbate, and the pH of the suspension was incrementally adjusted downward. Duplicate samples of the suspensions were removed at the desired pH levels, placed in N2-sparged Corex (Corning Glass Works, Houghton Park, NY) centrifuge tubes (35 mL), and shaken for 4 h in a controlled-environment shaker (N, atmosphere, 25 "C). The final pH was then measured in stirred suspensions under N2 atmosphere with a Ross combination pH electrode, and aliquots of the supernate were analyzed. The activity of W r was determined by a Packard y spectrophotometer with an NaI well crystal. The quantity adsorbed was the difference between the initial and final concentrations.
(B) Single-and Paired-Solute Adsorption. Chromate adsorption (5.0 X lo4 M) was measured at 0.87 x lo-, and 17.4 X lo-, M total iron. Inorganic carbon adsorption ([C,] = 4.6 X M) was measured in similar iron suspensions spiked with NaHCO3-NaHl4CO, over a pH range of 5.5-9. The tightly sealed individual centrifuge tubes with zero headspace stood for 24 h before carbonate adsorption was measured by 14C scintillation counting of 14C. The constancy of [C,] was confirmed by directly analyzing some samples for total inorganic carbon. Chromate adsorption in the presence of C02(g) was investigated in a glovebox filled with a CO2/N2 mixture containing Pco, = 10-2.46 atm. The 350-mL suspensions of Fez03-H20(am) were adjusted with acid and base to the desired pH and allowed to equilibrate for 4 h with COz(g). Solution analysis for inorganic C verified equilibrium with PCO, = atm. Chromate (5.0 X lo* M) was added to each of the suspensions, which were stirred, open to the atmosphere, for 4 h. After this period, the final pH was measured, and replicate aliquots were removed from each suspension for Cr02-analysis.
M) on Cr02-adsorption was evaluated as a function of H4Si04 contact time with Fez03.HzO(am). Silicic acid was prepared by basic hydrolysis of sodium metasilicate (Na2SiO3'9H20).
The silica stock solution was 1.0 M in concentration with a pH >13. The degree of silica polymerization in the stock solution was not evaluated. The influence of the simultaneous cosorption of H4Si04 on Cr042-was determined by spiking an Fez03.H20(am) suspension (aged -14 h) with the two ions simultaneously and immediately measuring the adsorption edge. Subsequently, individual aliquots of freshly prepared iron suspension were allowed to age at pH 7 in the presence of the same concentration of H4Si04 for 24,168, and 672 h under N2. After aging, the suspension pH was adjusted back up to pH 10, and a typical adsorption experiment was conducted after the addition of Cr04"+ and 61Cr042-.
In the cation experiments the basic adsorption procedure was followed, but 5.0 X M K+, Mg2+, and Ca2+ were
The influence of H4Si04 (0.8 X (18) (19) (20) and Krupka and Jenne (21) . bBaes and Mesmer (22) . 'Schmidt (23). The experiments were performed as described above for the Cr042--COz(g) system, except that CaS04(aq) and H4Si04 were added immediately preceding Cr02-.
(D) Modeling of Adsorption Data.
The triple-layer model (TLM) (14) has been used to simulate the adsorption data. The TLM parameters for FezO3-H20(am) are listed in Table I . Surface hydrolysis and complexation of the supporting electrolyte (NaN03) are described by reactions 1-4 in Table 11 . The equilibrium constants for these reactions were derived from potentiometric titration data for FezO,.HzO(am) (15). Surface complexation reactions 5-11 (Table 11 ) have been used to describe the adsorption data presented below. The equilibrium constants for these reactions have been derived from singleor paired-solute adsorption data with FITEQL (16) and the aqueous speciation reactions in Table 111 . These constants have in turn been used to simulate multiple-solute adsorption data. It has been assumed throughout that all adsorbing ions interact with a single set of surface sites, SOH. atm) moves the Cr02-adsorption edge to lower p H relative to that obtained under N2 atmosphere (Figure 1 ). This effect of C02(g) suggests that aqueous carbonate species are adsorbed and that they influence Cr02-adsorption via electrostatic interactions or competitive mass action for surface sites (SOH).
Results and Discussion
The measurement of 14C removal from 14C-labeled NaHC03 solutions provides direct evidence for the adsorption of aqueous carbonate species by Fe203.H20(am) (Figure 2 ). An adsorption maximum occurs in the region of the pKa1(H2CO3*) = 6.3, a positioning that is similar to that observed for H3B03 and H4Si04 (24,13) . The phenomenon differs, however, because H&O3* [ =C02(aq) + H2C03] is a stronger acid, exists primarily as C02(aq) ( w 99% at 25 "C), and undergoes a change in structure as given by the combined hydration and dissociation reaction: The adsorption of inorganic carbon species (Figure 2) can be described with the TLM by reactions 5 and 6 ( Table  11 ). The adsorption constants for these reactions *KHco3 and *KH2cos (Table 11) were derived from both sets of data in Figure 2 with FITEQL. Reactions 5 and 6 qualitatively reproduce the increase in inorganic carbon adsorption from pH 8 to pH 5.5. They fail, however, to predict the decline that is suggested by the sparse experimental data below pH 5.5. Neither reaction 5 nor reaction 6 alone could adequately describe both the 0.87 and 8.7 mM FeT data. Inclusion of a reaction yielding SOH2+-C02-with reactions 5 and 6 did not improve the fit because no data above pH 8 were obtained where this species might dominate. The Boltzmann factors for H+ and C032-ions in the TLM that describe the electrostatic interaction between the ions and the charged surface cancel in reaction 6. Thus, the location of the H&O3* surface complex is not specified within the context of the TLM. The success of this reaction in describing the inorganic carbon adsorption data is not inconsistent with H2C03* forming an inner-sphere complex.
The discrepancies in describing the adsorption of dissolved carbonate species on Fe203.H20(am) reflect uncertainty about the bonding environment and the types of surface complexes formed on the oxide surface. This uncertainty is evident in the literature. Potentiometric titration of alumina suspensions indicates that carbonate species are specifically adsorbed (25) . Infrared and Raman spectroscopy suggest that the surface complexes contain the carbonate ion in multiple-bonding environments (26) . Similarly, infrared analysis of sorbed C02(g) on hydrated formed, which, like phosphate, is especially stable. Additionally, infrared spectroscopy of adsorbed inorganic carbon on freshly precipitated Fe203.H20(am) (28) indicates that the dominant surface complex is the carbonate ion bonded as a unidentate ligand to surface Fe. This evidence, taken collectively, suggests a complex-bonding environment for inorganic carbon species on oxide surfaces. This environment may necessitate different types of surface coordination sites in addition to the single SOH used above.
Paired-Solute Adsorption. (A) Influence of C02(g) on Cr02-Adsorption.
Given the influence of C02(aq) on Cr02-adsorption (Figure l) , the total aqueous-phase inorganic carbon [C,] was determined for the experimental conditions used in this study. Substantial C02(aq) remained in the iron suspension under N2(g) despite sparging (Figure 3) . Thus, Cr042-adsorption under an N2 atmosphere ( Figure 1) is a paired-rather than a single-solute system.
The curves for N2 atmosphere in Figure 1 represent the optimum fit to both 0.87 and 17.4 mM FeT adsorption edges with reactions 7 and 8 in Table 11 . The surface reactions and the associated adsorption constants derived above for inorganic carbon, along with appropriate [C,] data, were included in this optimization. Reactions 5-8 (and associated adsorption constants) were used to describe the Cr02-adsorption data in Figure 1 with Pco, = 10-2.46 atm. These calculations qualitatively predict the shift in adsorption but fail to predict the observed ApH,,,.pa.rticularly for the higher iron case; the ApH,, is the shift in pH at which 50% adsorption occurs relative to the corresponding N2 atmosphere edge.
The HC03-surface complex reduces Cr02-adsorption by an electrostatic effect, displacing the edge to lower pH as PCO, increases. Competition between chromate surface complexes and HzCO3* or HC03-surface complexes was not found to be significant in model calculations because uncomplexed sites (SOH) are in excess for all experimental conditions in Figure 1 . The importance of electrostatic over competitive effects is substantiated by the observation that reaction 5 alone (Table 11) , which leads to the formation of a charged complex, predicts the same ApH,, as that obtained for reactions 5 and 6. Reaction 6, however, is essential for describing the carbonate adsorption in Figure 2 . The adsorption constants for sulfate and calcium corresponding to reactions 9-11 in Table I1 were derived from experiments (data not shown) similar to those for Cr042adsorption. Inorganic carbon in these experiments was comparable to that in Figure 3 . To account for the presence of inorganic carbon, reactions 5 and 6 and carbonate adsorption constants derived above were explicitly included when deriving the sulfate and calcium adsorption constants.
(B) Influence of Silicic Acid on Cr0:-Adsorption.
Like inorganic carbon, H4Si04(aq) depresses Cr042-adsorption (Figure 4) . The largest reduction adsorption occurs at pH 6.3, where the adsorption density decreases from 5.60 to 2.00 mmol of Cr/mol of Fe. A larger effect occurs if the Fez03.H20(am) is aged with H4Si04 before Cr0: -addition. The aging induces a systematic decrease in Cr042-adsorption up to 168 h, after which time additional aging up to 672 h has no further influence (Figure  4) . In contrast, aging the iron suspension in 0.1 M NaN03 under Nz(g) for 168 h does not affect Cr042-adsorption. This time-dependent reaction of silicic acid with iron reduces the maximum Cr0:-adsorption at pH 4 from 5.5 to 3.5 mmol of Cr/mol of Fe.
The decrease in Cr0:-adsorption induced by H4SiO4 reflects the adsorption of silica and its effects on the iron surface. Silicic acid has been shown to adsorb strongly on oxide surfaces, with a broad maximum occurring near pH 9 (13, (28) (29) (30) (31) (32) . Freshly precipitated iron oxides exhibit a high capacity for silicate (33, 34) . Silica adsorption alters the surface charge and the pHzpo as shown by the displacement of alkalimetric titration curves to lower pH values (13) . Thus, like H2C03* (this paper) and S042-(5), silica consumes surface sites and forms a charged surface complex that reduces positive interfacial charge and decreases the electrostatic attraction of the Cr042-anion.
The aging effect with H4Si04 reflects silica polymerization in solution or on the iron surface. Depolymerization of monosilicic acid present in the spiking solution may provide a renewable source of reactive monosilicic acid for continuing adsorption up to 168 h. Alternatively, timedependent polymerization of H,Si04 may occur on the Fez03.H20(am), reducing surface positive charge, changing pHzpo and covering surface sites active in Cr04'-complexation. Silica substitution in iron oxyhydroxide decreases the oxide pH,,, Table 11 . Calcium adsorption reduces the net negative charge in the double layer over that in 0.1 M NaN03 alone and thus electrostatically encourages additional anion retention. Calculations allowing for the formation of a calcium chromate surface species (SOH + H+ + Ca2+ + Cr042-+ SOH2+-Cr04Cao) do not improve the model simulation. These data suggest that the adsorption of aqueous Ca2+-Cr042-ion pairs or their formation on the surface is not significant under these conditions.
Multiple-Ion Mixtures. Chromate adsorption is lower in the ion mixture than in the paired-solute systems ( Figure 6 ). The effects of C02(g), S042-, and H4Si04 on Cr042-adsorption in the mixture are qualitatively additive. The small enhancement of Cr042-adsorption induced by Ca2+ is significant when compared to the effects of the major anions. Sulfate and H4Si04 dominate the downward displacement of the adsorption edge in the ion mixture, with S042inducing site saturation in the low-iron case below pH 6 significantly reduce the number of uncomplexed surface sites (SOH) and adsorption does not reach 100% at its maximum. Silicic acid has a large influence on Cr02adsorption in the mixture below pH 8. When higher levels of iron oxyhydroxide (17.4 X M) are used with the same solute concentrations, the adsorption edge for the multiple-solute system is displaced to lower pH relative to the edge for CrO,?-as a single adsorbate, but site saturation does not occur within the experimental pH range (pH 36.7) ( Figure 6 ). Under these conditions, the adsorption of Cr0: -from the mixture approaches loo%, but the adsorption is displaced (ApH,,, = 1.20) to the left of its single-solute edge. The influence of inorganic carbon on Cr04" adsorption becomes of increasing importance above pH 8.5, because the concentrations of total dissolved carbon are relatively high ([C,] =
The aqueous concentration of SO?changes in the multiple-solute experiments through adsorption. Inorganic carbon is also adsorbed but is maintained at constant activity by gas-phase equilibrium. Equilibrium SO?concentrations were observed to differ between the highand low-iron cases with a greater removal occurring with more iron. Site saturation may well have occurred in the high-iron case if major ion concentrations were held constant or if high-iron experiments were conducted at pH values (e.g., pH 5-6) where saturation occurred in the low-iron experiments.
Chromate adsorption in the multiple-ion mixture was calculated with the adsorption constants in Table I1 (see Figure 7 ). The constants provide excellent simulation of the adsorption edge for the low-iron case but underestimate CrO,?-adsorption below pH 6 where SO,?is inducing site saturation. For the high-iron case, the calculation describes the shape but not the location of the edge, overestimating Cr042-adsorption by as much as 15%. This overestimate would be reduced if the formation of a CO2surface complex is included. Surface speciation of Fe203.H20(m) in the multiple-ion mixture was calculated as a function of pH with the TLM.
In the high-iron case, reactive surface sites (SOH) remain in excess within the experimental range of pH (6.7-8.8) in spite of the adsorption of major ions in solut,ion. In the absence of competition for a subset of surface sites, the shift in the edge between the two high-iron curves (Figure  7) arises from a reduction in interfacial charge imposed by the surface complexation of Sod2and dissolved C02(g).
The reduced positive charge decreases the electrostatic attraction for all negatively charged ions, including Cr0:-. However, site saturat,ion occurs in the low-iron case ( edge are controlled by both surface electrostatics and site selectivity. The surface speciation calculations also show that NO3is an important surface species; the high electrolyte concentration drives NO; to the surface in spite of its low complexation constant (Table 11 ).
Summary
Major groundwater anions bind to the surface of Fe203.H,0(am), reduce positive charge, and compete directly with CrO,?-as sites become limited. The surface reaction of these anions reduces Cr0: -adsorption. In ion mixtures with solute concentrations typical of the sub surface (39,40) , Cr02-adsorption is suppressed 50%-80% over that in weakly interacting electrolyte. Cations have little influence on CrO,?-adsorption, indicating that ion pair formation in solution or on the surface is not of consequence.
Diffuse double-layer model simulations using single-solute adsorption constants are in good agreement with the experimental data from the multiple-ion mixture. Similarly, the adsorption of heavy metals (Cd, Pb, and Zn) on goethite in synthetic seawater has been simulated with reasonable accuracy by using single-solute intrinsic adsorption constants (38). However, other calculations suggest that site heterogeneity and possibly multiple-site adsorption behavior must be considered to quantitatively simulate competition between strongly adsorbing anions (41) .
Chromate adsorption in the subsurface environment may be significantly suppressed by the presence of common anionic constituents in groundwater. Elevated levels of dissolved C02(g), H,SiO,, and S O :
may all dramatically reduce Cr0: -adsorption. Surface complexation constants corrected for the influence of surface charging can be used along with diffuse double-layer models of adsorption to estimate the extent of suppression anticipated under various subsurface chemical regimes.
